ORIGINAL SCIENTIFIC PAPER

ROATICA Croat. Chem. Acta 2017, 90(1), 27-35 .Hl\'l)

CT Published online: June 8, 2017 l‘)’(.
HEMICA DOI: 10.5562/cca3048 -

Simulation of Square Wave Voltammetry of
Three Step Redox Reactions on Spherical Electrodes

Sebojka Komorsky-Lovri¢, Milivoj Lovri¢*

Division of Materials Chemistry, Ruder Boskovi¢ Institute, HR-10000 Zagreb, Croatia

* Corresponding author’s e-mail address: mlovric@irb.hr

RECEIVED: December 27,2016 * REVISED: January 29, 2017 * ACCEPTED: January 30, 2017

Abstract: The theory of three step electrode reaction is developed for square wave voltammetry on stationary spherical electrodes. It was
assumed that all electroactive species are solution soluble. The dependence of the response on the thermodynamic stability of intermediates,
on the electrode radius and the scan direction is investigated for the fast and reversible electrode reactions. The criterion of reversibility is
postulated. Furthermore, the influence of electrode kinetics on the response was calculated for the cathodic and anodic scan directions. The
difference in responses caused by the variation of scan direction is an indication of multiple electron transfers. The method for the estimation
of transfer coefficient is demonstrated.

Keywaords: square wave voltammetry, three step electrode reaction, theory, spherical electrode, kinetics of electrode reaction.

INTRODUCTION X 4 6" g "
E LECTRODE reactions that include three electrons may
occur through three consecutive steps.['6 The Int,"”?" +e” = Int," " (2)

responses of this mechanism depend on the stability
of intermediates and the kinetics of electron transfers.[7-11] Int,"™* + e~ = Red"™ (3)
These relationships were calculated for chronoampero-
metryl1012-16] and voltammetry.[11.17-20] They can be used
for the determination of kinetic parameters.[10.1120 -23] |
this paper the theory is developed for kinetically controlled
three step reaction on spherical electrodes. The purpose is

The mass transfer towards the surface of stationary
spherical electrode is described by the following
differential equation:

to analyse the dependence of square wave voltammograms

on the electrode radius and the signal frequency.[1/12.14,24-28] oc, / 0t = Dd'c, [ or' + (2D / r)ée, / or (4)
The work is inspired by electrode reactions of uranyl,[29]
chromium(VI)89 and bis(fulvalene)dinickel’® ions and Here, the symbol Y stays for either Ox("*31* or Int,("+2)*
nitromethane3 and nitrobenzene®¥ on hemispherical or Int,(™1+ or Red" and the variable r is the radial distance
microelectrodes. 28! from the centre of sphere. The starting and boundary
conditions are the following:
THEORY *
t=0,r2n: ¢, =C, Gy =Gy, =Creg =0 (5)

The model is developed under the assumption that all four
components of the three step electrode reaction are
solution soluble and that only the reactant Ox(™3* is initially
present in the solution. G, >0, €

t>0, r—>ow: Cox > C_,

=0, Gy =0

Int,
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r=r: Dlocg, /or),_, =1, /FS
Dc,, /or),., =(,—1)/FS
D, /or),., =(,—=1)/FS

D(Ocyey / Or),_,. =1,/ FS

I/ FS =k, exp(—alwl)[(cm),:,u = (Cp, )iy, exp(qol)]

I,/ FS = =k, exp(=0,,)[ (6, ), = (i ),-r, X010 |

I/ FS = —k, exp(—c>t3(p3)[(qntz )=y — (Creg)r=s, EXD(%)J

= (F/RT)(E-E)

=(F/RT)(E-E)

= (F/RT)(E-E)

(7)

(8)

(9

(10)

(11)

(12)

(13)

(14)

(15)

(16)

The symbol rq stays for the electrode radius and the
meanings of all other symbols are reported in Table 1.
Differential equations are solved by the numerical method
proposed by Olmstead and Nicholson.3¥ The solution is the
system of recursive formulae for the dimensionless current
®, =1(FSc. Y (Df)™?, where j = 1, 2 or 3. The sum
D = @ + O + D3 is reported as a function of electrode
potential.

(Dz,m Z Z + Z zq)l/ m /+1

’ m=1 m-=1 (17)
+ 232(1)2 jsm Jj+1 +Z 2®3 jsm j+1)
j=1 j=1

=TT s (—K, exp(—a,@,) +

(18)
+Bz®2/m/+1 Az®1]m]+l

®3,m - 1+A 5 ; 3/ m—j+1 SZQZ,/Sm—ﬁl) (19)
1/2 71f -1/2 (20)
=k, (Df)* (21)
A = kserD’l (j=1,2o0r3) (22)

Table 1. Meanings of symbols.

Symbol Meaning
Transfer coefficients of the first, the second
o, 2, s and the third electron transfer steps
Concentrations of the reactant, two
Cox? Cinty 7 Cint,» Cred . .
intermediates and the product
c Concentration of the reactant in the bulk of
ox solution
D Common diffusion coefficient
dE Square wave potential increment
E Electrode potential
FEEE Standard potentials of the first, the second
1r2r s and the third electron transfer steps
Esw Square wave amplitude
Est Square wave starting potential
Efin Square wave final potential
Ep Peak potential
F Faraday constant
f Square wave frequency
Wb Currents of the first, the second and the third
LB electron transfers
Kk k Standard rate constants of the first, the
ul Tt s second and the third electron transfers
ro Electrode radius
R Gas constant
P Sphericity parameter defined by [Eq. (20)]
S Electrode surface area
T Temperature
t Time
qg=p"/50 (23)
5=1- exp(q)erfc\/a (24)
s, = exp| glp —1) Jerfcy/q(p — 1) —exp(gplerfcy/gp ~ (25)
A = A exp(-a,¢,)[1+exp(@,) ] (26)
A, = A, exp(-a,0,)[ 1+ exp(@,) ] (27)
A, = A exp(—a,p, [1+exp (p3)] (28)
B :Alexp[(l—al)(pl)] (29)
B, = Aexp[(1-a,)p,)] (30)
C, = A exp(—a,0,) (31)
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G =A exp(—a3(p3) (32)
Z, =k expl-a,¢,)C,s5,(1+ As) (1 +As,) ™ (33)
Z,=C[1-As0+As)" |1+As)" (34)

Z,=[BCs 1+ As)" - A +BCs,1+As)" |-

(35)
L+ As)?
Z,=B[1-As1+As)" |1+As)" (36)
Z,=1-[BCsM+As)" +BCs(1+As)" |- )
w1+ AS)?
1<m<M (38)
M = S0(E,, — E,,) / dE (39)

RESULTS AND DISCUSSION

Square wave voltammogram of electrode reaction in which
all three electron transfers are fast and reversible depends
on standard potentials of individual steps and the sphericity
parameter p=(D/ f)"* /ry . An example is shown in Figure
1. It can be noted that the net response is independent of
the scan direction. For equal standard potentials the net
peak potential is equal to E, and the peak current is 5.33
in both figures 1A and 1B. This identity is the best indication
of reversible electrode reaction. There is, however, a small
difference between the minima and maxima of the
components of these two
E,—E =03V, @

voltammograms.  If
=-451, E, ., —E =-0015V,

Red,min
Dy =090 and E ,, —E =0.010V, while for
E,—E =-03V,®, . =-412, E ., —E =-0.010V,
D =1.30 and E , —E, =0.015V. Also, the limiting

current of components at £—E, =—0.2V depends on the
starting potential. This current is a consequence of
spherical diffusion and depends on the parameter p. The
net current is defined as a difference between the forward
and the backward components. In the case of cathodic scan
direction this difference is negative and the net current is
defined as —A® = ®oy — Dpeg.

Tables 2 and 3 show the relationship between the
form of response and the standard potentials of individual
electron transfer steps. Again, the peak currents and peak
potentials that are reported in these tables are all
independent of the scan direction. If £, —E, =0.1V and
E, —E, =0.2V the response consists of a single peak with
the maximum at £, -, =(E, +£,)/3. This rule applies if

(A)

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

"1(8)

-0.3 -0.2 -0.1 0.0 0.1 02 0.3

(E-E°) IV

Figure 1. Dimensionless square wave voltammograms of
reversible three step electrode reaction. A net peak current
(~AD or A®D) and its reductive (Pgeq) and oxidative (Do)
components are shown. E; =E, =E, , p=1, Esw =50 mV,
dE=-5mV (A)and5mV (B), E, —E, =0.3V (A)and-0.3V (B).

Table 2. Dependence of dimensionless net peak currents
and peak potentials on the difference between standard
potentials of electron transfer steps; E, —E, =E, —E, and
p=0.1.

2 1 —AD Pl

0.100 3.253  0.100 - - - -
0.050 3.207 0.050 - - - -
0.000 2.930 0.000 - - - -
-0.050 1986 -0.050 - - - -
-0.100 1.109 -0.085 - - - -
-0.120 0.914 -0.015 0966 -0.120 0.918 -0.225
-0.130 0.882 -0.010 0923 -0.130 0.885 -0.250
-0.140 0.863 -0.005 0.893 -0.140 0.865 -0.275
-0.150 0.850 -0.005 0.873 -0.150 0.852 -0.295
-0.200 0.830 0.000 0.834 -0.200 0.831 -0.400
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Table 3. Dependence of dimensionless net peak currents
and peak potentials on the difference between standard
potentials of electron transfer steps; E, —E£, =—0.2V and
p=0.1.

E-E .o E,,~E, E,,~E, E,,—E,

0.100 0.831 0.000 2.088 —0.150 - -
0.050 0.830 0.000 2.010 -0.175 - -
0.000 0.830 0.000 1856 —0.200 - -
-0.050 0.830 0.000 1.549 -0.225 - -
-0.100 0.830 0.000 1.080 -0.250 - -
-0.110 0.830 0.000 0977 -0.240 0.979 -0.275
-0.120 0.830 0.000 0917 -0.215 0.918 -0.305
-0.130 0.830 0.000 0.885 -0.210 0.885 -0.320
—-0.150 0.830 0.000 0.854 -0.205 0.852 -0.345
-0.200 0.830 0.000 0.834 -0.200 0.831 -0.400

E,—E,=E,—E and E,—E >-0.1V. The peak current
decreases with the diminishing difference E, —E, because
the half-peak width increases. Figure 2 shows the response
in the form of mesa that appears if £, —E, =—0.11V and
E,—E =-0.22V. It is characterized by ~A®, = 1.03 and
E,—E =-0.11V. With the further decrement of the
difference E, —E, the response with three peaks appear. If
E,—E <-0.15V andE, —E, <-0.3V the peak potentials
are equal to standard potentials.

The response with two peaks may appear if
one of intermediates is thermodynamically stable. If
E, —E, =-0.2V thefirst electron transfer is not influenced
by the other two transfers. The second peak corresponds

0.5 1

o 0.0 q

-0.5 q

-0.4 -0.2 0.0 0.2

(E-E°)IV

Figure 2. Dimensionless square wave voltammogram of
reversible three step electrode reaction. E; —E, =-0.22V,
E,—E, =—0.11V, p= 0.1, Esw = 50 mV, dE = -5 mV and
E,—E =025V.

to two electrons and occurs if E; —E, 2-0.1V. Its peak
potential is equal to average value of the second and the
third standard potentials. The third peak arises if
E,—E,<-0.1V.

The dependence of characteristic currents of
reversible electrode reaction on the parameter p is shown
in Figure 3. The net peak current is a linear function of this
parameter: ~Ad, = 2.66 p +2.66. The same result was
obtained for the scanning in the anodic direction.
Considering the definition of p, the real net peak current is
a linear function of square root of frequency, with the
intercept that corresponds to the steady-state
contribution: —A®_\[f =2.66\/f +2.66vD /r,. If D = 9x
10°cm?s tand ro = 1073 cm, the first term of this equation
is bigger than the second one if f> 9 s™1. The minima and
maxima of components satisfy the following equations:
Dpedmin = —2.88 p — 1.64 and Doymax = -0.13 p + 1.03. If
E,—E =-03V and dE= 5 mV, these relationships are
slightly different: ®@regmin = =2.87 p — 1.24 and Doxmax =
-0.11p + 1.41. Finally, the calculations were performed for
the single electron voltammograms (£, —£;, =-0.5V and
E, —E, =—0.5V) and the following results were obtained:
-ADp; = 0.75 p + 0.75, @Dped,min1 = -0.93 p — 0.48, and
Doymax,1 = —0.08 p + 0.27. They are in agreement with the
results of previous simulations.[26:27]

Square wave voltammograms of electrode reactions
that are controlled by the kinetics of one or more electron
transfers depend on the kinetic parameters , =k, (Df) ™
and A, =k.r, /D (where j=1, 2 and 3) and the sphericity
parameter pand the standard potentials of the three steps.
The parameters k1 and p can be changed by the variation

)

Red, min

0.0 0.2 0.4 0.6 0.8 1.0

P

Figure 3. Dependence of dimensionless net peak current,
the minimum of forward component and the maximum of
backward component of square wave voltammogram of
reversible three step electrode reaction on the sphericity
parameter. E, =E, =E,, Esw = 50 mV, df= -5 mV and
E,—E, =0.3V .The straight lines are linear approximations.
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of frequency, but their ratio 4, =x, / p depends only on
the characteristics of electrode and electroactive species.
Figure 4 shows that a certain electrode reaction appears
more irreversible if the radius of electrode is smaller. The
net peak potential changes from —0.090 V to —0.155 V vs.
E, if the radius is diminished from 1072 cm to 103 cm. The
calculations have shown that within this range the following
linear relationship exists: £, —£, =0.065 logr, +0.041V . If
the radius is increased to 0.1 cm, the peak potential tends
to —0.065 V, which is the value that is characteristic for
planar electrode. The dimensionless net peak current
is inversely proportional to the electrode radius: —A®, =
3.95 x 107 ro! + 0.63. These show that in the simulations
the parameters i, 4, and p can not be changed
independently. Instead, the frequency has to be varied, for
the constant values of electrode radius and the other
reaction parameters. Furthermore, the scan direction is
experimental variable.

-0.4 -0.2 0.0 0.2

(E-E°) IV

1(8)

T
-04 -0.2 0.0 0.2

(E-E°) IV

Figure 4. Dimensionless square wave voltammograms of three
step electrode reaction. £, =E, =E, ,D=9x10%cm?s™, f=
100 s, Esw = 50 mV, dE = -5 mV, E —E, =03V, k=
103 cm s, k52 :k53 =lcmst aa=a;=a=05and ro=
102cm (A) and 1073 cm (B).

The voltammogram shown in Figure 4A is typical for
electrode reaction in which the first electron transfer is the
rate determining step. It consists of a single peak at all
frequencies if the first transfer coefficient is bigger than 0.3.
In the case of cathodic scan direction, the response may
split in two peaks if a1 =0.25. An example is shown in Figure
5. The second peak is caused mainly by the reduction
component. The potential of minimum of this component
is much lower than the potential of maximum of the
oxidation component. The response with two peaks may
also appear in the case of anodic scan direction. This can be
seen in Figure 6. Again, the second peak is caused by the local
minimum of reduction component. The oxidation
component exhibits a shoulder at 0.015 V vs. E, that

0.4

0.2 4

0.0 4

-0.2

04 4

-0.6 T T T T
-0.4 -0.2 0.0 0.2

(E-E°)IV

Figure 5. Dimensionless square wave voltammogram of
three step electrode reaction; a; = 0.25 and ro = 1072 cm. Al
other parameters are as in Figure 4.

T T T T

-04 -0.2 0.0 0.2

(E-E°)IV

Figure 6. Dimensionless square wave voltammogram of
three step electrode reaction. E,—E, =-0.5V,dE=5mV,
ro =102 cm and f = 103 s1. All other parameters are as in
Figure 4.
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corresponds to irreversible oxidation of the first
intermediate. The first peak of the split response
corresponds to the second and the third electron transfers
that are fast and reversible. This peak is smaller in Figure 5
than in Figure 6. If the scan direction is cathodic, a small
amount of the first intermediate that is created at —0.040 V
vs. E, continues rapidly to be reduced to the final product
and reoxidized back to Int; at —=0.015 V. The massive
reduction of the reactant that occurs at —=0.270 V is totally
irreversible and the backward component is also reductive
current. This is because the product is stable at the potentials
lower than —0.1 V vs. E, . Similar reasoning applies to the
anodic scan direction. In the oxidation of product, the third
step is the slowest one. The first peak appears at —0.005 V vs.
E, and corresponds to the creation of the first intermediate
and the small amount of the reactant. The latter is reduced
back to Int; at-0.210 V vs. E, .

Figure 7 presents relationships between peak
potentials and the logarithm of frequency. For the

0.00

A A A
AAA AAAAMM A AAA AAA
[ ]
e o
0054 o eeoe oo, E, o
v v o0
v v [ ] E
> v * ’
Z  -0.10 4
U :
5 -0.15 4
Ep‘ Red
-0.20
-0.25 T T T T T 1
0.5 1.0 15 2.0 25 3.0 35
Log (f/s™
Ep‘ Ox
0001 sseeemmll
N E Y TR YTC A AL AL
v v vwey
E
-0.05 E, Red p.1
>
1”" -0.10 4
w
-0.15 4
*
Ep,z
-0.20 4
-0.25 T T T T T 1
0.5 1.0 15 20 25 3.0 35
Log (f/s™)

Figure 7. Dependence of peak potentials of square wave
voltammograms of three step electrode reaction on the
logarithm of frequency. E,—E, =0.3V (A) and -0.5V (B),
dE =-5mV (A) and 5 mV (B) and ro = 1072 cm. All other
parameters are as in Figure 4. The straight lines are linear
approximations.

cathodic scan direction and the frequency higher than
100 s71, the net peak potential and the potential of
minimum of reduction component satisfy the following
equations:  E,—E, =—(RT/2a,F)log f+0.016 V. and
E, rea—E; =—(RT/2a,F)log f +0.001 V. For the anodic
scan direction the potential of the first peak is
independent of frequency, but the first transfer
coefficient can be determined from the dependence of
the second peak on the logarithm of frequency:
E,,—E, =—(RT/2a,F)log f-0.011V .

The standard potentials determine the stability of
intermediates and the apparent reversibility of electrode
reaction. If E,—E, =02V, E, =E,, E,—E, =03V, dE =
-5mV, ro=10"2cm and all other parameters are as in Figure
4, the oxidation component is entirely negative at all
frequencies (see Figure 8) and the net peak potential
depends linearly on the logarithm of frequency if the
frequency is higher than 20 s This is because the
concentration of the first intermediate at the first standard
potential is lower for (E, +E,+E;)/3>E, than for
(E, +E, +E,)/3=E, . The oxidation current of the first step
depends on the concentration of the first intermediate,
while the reduction current depends on the reactant
concentration. This is the reason why the reaction appears
more irreversible for £, —E£, =0.2V and E, =E, than for
E, =E, =E, . If the scan direction is anodic and all other
conditions are as above, the second peak is well developed
at the frequency as low as 10 s and the second peak
potential is the linear function of the logarithm of
frequency within the whole frequency range.

In the three step electrode reaction both the first
and the second electron transfers can be slow. Figures 9
and 10 show a special case in which the second transfer
coefficient is smaller than the first one, but the rate

051 -AD

0.0 1 ()

-0.5

-0.4 -0.2 0.0 0.2

(E-E°)IV

Figure 8. Dimensionless square wave voltammogram of three
step electrode reaction. E,—E, =02V, E,=E,, ro =
102 cmand f= 10 s7L. All other parameters are as in Figure 4.
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0.2 4

(E,-E%)IV

-0.5 T T T T T T 1
1.0 15 2.0 25 3.0 3.5 4.0

Log (f/s™

Figure 9. Dependence of peak potentials of square wave
voltammogram of three step electrode reaction on the
logarithm of frequency. E; =E, =E, ,D=9x10%cm?s7, ry
=102cm, Esw =50mV, dE=-5mV, k, =103 cms™, k =
103 cm s, k53 =1lcms?, oy =05, ap =0.25 and a3 = 0.5.
Straight lines are linear approximations.

0.3 q
0.2
0.1

0.0

-0.2 4
0.3 4 Preg

.04 4

-0.5 T T T T
-0.6 -0.4 -0.2 0.0

(E-E°) IV

Figure 10. Dimensionless square wave voltammogram
of three step electrode reaction. E,—E, =0.1V and f =
3000 s7%. All other parameters are as in Figure 9.

constants of these two steps are equal. The relationships
between peak potentials and the logarithm of frequency
are linear for all values of this argument. The net response
exhibits a single peak and its potential is defined by the
equation: E,—E, =—(RT /2a,F)log f —0.025 V that
applies for f < 300 s71. At higher frequency the slope of
this straight line changes to —0.047 V. This can be
explained by the separation between the net peak and
the minimum of the reduction component (see Figure 10).
The potential of the latter satisfies two equations:
E,ces —E, =—(RT /20,,F)log f —0.087 V (if f < 100 s7?)
and E,..,—E, =—(RT /2a,F)log f+0.056 V. The second

-0.15 A

-0.20 A

-0.25 A

(E,o-E°)V

-0.30 A

1.5 20 2‘.5 3.0 35 4.0
Log (f/s™)

Figure 11. Dependence of the potential of the second peak
on the logarithm of frequency. £, —E, =-0.6 V,dE=5mV
and o =0.25 (1), 0.5 (2) and 0.75 (3). All other parameters
are as in Figure 9. Straight lines are linear approximations.

equation enables the determination of the second
transfer coefficient. The potential of maximum of
oxidation component depends on the first transfer
wox —E1 =[RT /2(1—a,)F]log f —0.047 V . The
net response develops a shoulder at the highest
frequencies and the potential of its peak under these
conditions is not suitable for the determination of

coefficient: E

transfer coefficients. The described phenomenon
vanishes if oy = 0.5 and a; > 0.4. For equal transfer
coefficients a single slope A(E, —E,)/Alog f =—RT /2a,F
appears for all frequencies.

The variation of scan direction is not useful for the
estimation of the second transfer coefficient. For the
conditions reported in Figure 9 the response consists of a
reversible peak at —0.005 V vs. E; and totally irreversible
peak that depends linearly on the logarithm of frequency:
E,,—E =-0.086log f—0.022V . This straight line is
shown in Figure 11. From the slope —0.086 V the transfer
coefficient @ = 0.34 can be calculated, which is neither
ai, nor on. The slopes of the second and the third
straight lines in Figure 11 are mutually equal:
A(E,,—E,)/ Alog f =—RT [ 2a,F .

Finally, the possibility that all three electron
transfers are equally slow was investigated. The value of
rate constants that is characteristic for quasireversible
electrode reactions was chosen. The results are shown in
Figure 12. The relationships between peak potentials and
the logarithm of frequency are curves that approach
asymptotes at the highest frequencies. For the cathodic
scan direction these straight lines are as follows:
E,—E, =-0.057log f +0.081V, E .., —E, =-0.056log f +
0.068V, and E . —E, =0.042log f —0.097 V , while for
the anodic scan direction they are: £ ,—E =

0.078log f-0.164 V and £ ,—E =-0.108log f+0.215V .

p.Ox
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Figure 12. Dependence of peak potentials on the logarithm
of frequency; k, =k, =k, =102cms™?, mn=02=0a3=0.5
and E,—E =02V and df = -5 mV (A) and
E,—E, =-0.4V and dE =5 mV (B). All other parameters
are as in Figure 9. Straight lines are linear approximations.

The slopes —0.057 V and —0.056 V can be used for the
estimation of an average transfer coefficient, but the slope
of the oxidation component is too low because this
component gradually vanishes as the frequency is
increased. The slopes in Figure 12B are too high and
indicate apparent transfer coefficients that are smaller
than the value used in the calculations. This confirms that
the anodic scan direction may be inapt for the transfer
coefficients determination. However, the intersections of
straight lines in Figure 12B and the line E=E, correspond
to the logarithms of the critical frequency log feit = 2.1 and
log fait = 2.0 that are close to the negative value of the
logarithm of the average rate constant: log f,,, ~—logk .

CONCLUSION

In square wave voltammetry the scan direction can be
either cathodic or anodic. If the response of three step
electrode reaction does not depend on the scan direction,

that reaction is reversible for the applied frequency. The
peak current depends linearly on the square root of
frequency regardless of the number of peaks in the
response. As the frequency tends to zero, the current tends
to some finite value, which is called the steady-state
contribution.

Reactions that are controlled by the kinetics of
electron transfer may appear less reversible on the
electrode with smaller radius. The responses to various
frequencies can be compared to each other only if they are
recorded on the electrodes with the same radius. Besides,
the responses of kinetically controlled reactions depend on
the scan direction. In the case that the first electron
transfer is the rate determining step and that the scan
direction is cathodic, the net response consists of a single
peak at all frequencies if a; > 0.3. If this condition is not
satisfied, the response may split in two peaks. The response
of this reaction recorded by using the anodic scan direction
exhibits either one, reversible peak at low frequency, or the
first, reversible and the second, totally irreversible peaks at
the highest frequency. The transfer coefficient of the first
electron transfer can be determined from the slope of the
dependence of the net peak current on the logarithm of
frequency. The kinetics of electron transfer is a function of
the rate constant and of the stability of the first
intermediate. So, the rate constant cannot be estimated if
the standard potentials are not known. If both the first and
the second electron transfers are equally slow, the second
transfer coefficient can be measured only if it is smaller
than the first one. The difference between responses
recorded with two scan directions indicates that more than
one electron is transferred in the electrode reaction. If the
first peak potential of the voltammogram recorded with
the anodic scan direction depends on frequency, then all
electron transfers are kinetically controlled.
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